INTRODUCTION

Xylella fastidiosa
is a xylem-limited bacterium that is transmitted by xylem-fluid-feeding Hemiptera insects and causes economic losses for farmers of woody and herbaceous plant species (Purcell, 2013) . Strains of this species were widely reported in the last decades in North, Central and South America (Almeida & Nunney, 2015) as well as more recently in southern Europe (i.e. southern Italy and southern France) and Asia (i.e. Iran) (Amanifair et al., 2014; Loconsole et al., 2014; EPPO, 2015) . Xyl. fastidiosa is listed as an A1 quarantine pest by the European and Mediterranean Plant Protection Organization. Another Xylella species was isolated in Taiwan from Pyrus pyrifolia (Su & Deng, 2014) and recently named as Xylella taiwanensis (Su et al., 2016) . DNA-DNA hybridization and a genome-wide taxonomic approach defined three subspecies within Xyl. fastidiosa, namely, subsp. fastidiosa, subsp. multiplex and subsp. pauca, and the occurrence of different lineages of the pathogen within each subspecies (Schaad et al., 2004; Marcelletti & Scortichini, 2016) .
Notably, a remarkable array of mobile genetic elements, such as prophages, plasmids and genomic islands, which contribute to the pathogen host shifting and adaptation to new hosts, are present in Xyl. fastidiosa (Nunes et al., 2003; Varani et al., 2013) . These elements may also be exchanged in the wild between distantly related strains (Nunes et al., 2003; Da Silva et al., 2007) . Intersubspecific recombination also plays an important role in the strain shifting of host plant(s), which was proposed for the pauca strains infecting
The sudden and almost contemporary outbreaks of Xyl. fastidiosa in different continents highlight some basic features and concerns raised by this bacterium, such as its very high pathogenic potential and genomic plasticity, which are capable of causing disease in unexpected crops (i.e. neverreported host plants) via the introduction of latently infected plants that are not necessarily purchased to be planted as agricultural crops (e.g. ornamental coffee plants). Consequently, the global marketing of these plants poses a serious threat to the phytosanitary barriers the European Union tries to establish at the entry level for intercepting alien pathogens.
A possible example of this scenario was found in southern Italy (i.e. the province of Lecce in Apulia region); a Xyl. fastidiosa subsp. pauca strain, namely, CoDiRO, was associated with the 'olive quick decline syndrome'. This syndrome is characterized by leaf, twig and branch wilting and, in some cases, plant death. The meadow spittlebug Philaenus spumarius is the main vector of this strain (Saponari et al., 2014a) . Only one population of the pathogen is associated with the olive syndrome (Bleve et al., 2016) , but the possibility of a diverse genetic variability of the pathogen present in Apulia should not be excluded because of the contemporary presence of decline symptoms and sequences of the CoDiRO strain on other crops and plant species, such as Prunus amygdalus, Prunus avium, Nerium oleander, Westringia fruticosa and Pol. myrtifolia, that are grown in the same areas as olives (Saponari et al., 2014b) .
Notably, the subspecies pauca was previously found solely in Central and South America, where it primarily infects Citrus spp. and Coffea spp. plants (Da Silva et al., 2007; Barbosa et al., 2015) . This subspecies diverged from subspecies fastidiosa and multiplex, which was inferred using an average nucleotide identity (ANI) assessment (Barbosa et al., 2015; Marcelletti & Scortichini, 2016) and sequence similarity among paralogous groups of genes involved in host colonization and virulence (Barbosa et al., 2015) . The pauca strains isolated from Citrus spp. in Brazil cluster separately from the strains obtained from Coffea spp., which was revealed using a microarray-based phylogenomic approach (Barbosa et al., 2015) .
Recently, Jacques et al. (2016) characterized some Xyl. fastidiosa strains intercepted in France from Coffea spp. plant cuttings imported from Central and South America. The possible introduction of infected plant material from Central America in Apulia was supposed to explain the occurrence of Xyl. fastidiosa in Italy (Giampetruzzi et al., 2015a) . However, an ad hoc study to confirm this hypothesis is lacking. A genomic approach is currently used to assess the primary pathogen genetic features and its possible geographic origin, and this methodology has largely contributed to the elucidation of the route followed by other pandemic and emerging phytopathogens, such as Pseudomonas syringae pv. actinidiae, which is the causal agent of Actinidia spp. bacterial canker (Marcelletti et al., 2011; Mazzaglia et al., 2012; Butler et al., 2013; McCann et al., 2013) .
The present study assessed the complete and draft genome of 27 Xyl. fastidiosa strains and the draft genome of Xyl. taiwanensis. We demonstrated the occurrence of a genetic clonal complex of four Xyl. fastidiosa strains belonging to the subspecies pauca, which evolved in Central America. This clonal complex displayed very few SNPs and included the CoDiRO strain found in southern Italy that was associated with the 'olive quick decline syndrome', including one strain obtained from Coffea sp. and two strains isolated from N. oleander. This study strongly supports the possibility of the introduction of Xyl. fastidiosa in southern Italy through coffee plants grown in Central America. The data also stress how the current global circulation of agricultural commodities, ornamentals and plant propagative material potentially threatens the agrosystems worldwide despite strict phytosanitary international legislation.
METHODS
Strains, genome-wide and ANI taxonomic analyses. Table 1 lists the Xyl. fastidiosa and Xyl. taiwanensis strains used in this study. Xanthomonas oryzae pv. oryzae KACC 10331 was used as an outgroup. A consensus tree was retrieved from the Xyl. fastidiosa core genome, and an ANI and tetranucleotide frequency correlation coefficients (TETRA) assessment to infer the taxonomic relationships of the 28 Xylella strains were performed according to methods described elsewhere (Marcelletti & Scortichini, 2016) . The genome data from Xyl. fastidiosa strains were downloaded from the National Center for Biotechnology Information (NCBI) (see Table 1 ). The consensus tree was obtained from the 312 core gene sequence alignment maximum-likelihood trees using SplitsTree4 software (http://www.splitstree.org/) and mean network construction (Huson & Bryant, 2006) . The trees from each individual DNA sequence alignment were obtained by recursively running PhyML using
LG as a substitution model and nearest-neighbour interchange for the tree topology estimate. Sequence analyses for determinations of their relatedness according to ANI and TETRA were performed using the software JSpecies version 1.2.1. (Richter & Rosselló-Móra, 2009 ). ANI was calculated using algorithms obtained with the data structure named suffix tree and BLASTN software (Altschul et al., 1990) . TETRA was used as an alignment-free genomic similarity index because oligonucleotide frequencies carry a species-specific signal (Richter & Rosselló-Móra, 2009 ). ANI analysis was recently proposed as a new standard for inferring robust taxonomic relationships between bacterial species based on genome comparisons, and it was assumed that a value of 95 or 95-96 % for ANI correspond to the 70 % DNA-DNA hybridization reassociation values for the demarcation of bacterial species (Kim et al., 2014) .
Occurrence of a clonal complex within Xyl. fastidiosa subsp.
pauca. Consensus tree and ANI analyses revealed a very high genetic similarity among four pauca strains, namely, CoDiRO, COF0407, OLS0478 and OLS0479. Recombination and selection tests were performed to verify the possible clonal structure of these strains. Seven housekeeping genes that are generally used for MLST analysis (gltT, holC, lacF, leuA, nuoL, petC and rfbD) were used in recombination network analyses using SplitsTree4 software to investigate homologous recombinations within the Xyl. fastidiosa subsp. pauca strains. Reticulation in these evolutionary networks indicates possible events of NCBI: The genome sequence was provided to NCBI without a published paper.
Xylella fastidiosa CoDiRO strain and olive decline recombination between strains (Huson & Bryant, 2006) . Putative recombination breakpoints and putative recombinant sequences were searched using Genetic Algorithm Recombination Detection software (Kosakovsky Pond et al., 2006 ). Tajima's D genetic diversity and population divergence test (Tajima, 1989) and Fu and Li's D tests for neutrality of mutations (Fu & Li, 1993) were estimated using the DnaSP software (Librado & Rozas, 2009 ) and applied to each housekeeping gene and, collectively, to the four Xyl. fastidiosa subsp. pauca strains. The standardized index of association was estimated using START2 (available at http:// www.pubmlst.org) to test the null hypothesis of linkage equilibrium for multilocus data (Jolley et al., 2001) . P values were calculated using parametric and the Monte Carlo methods to discriminate the significance of index of association.
SNPs and occurrence of prophage regions in the Xyl. fastidiosa subsp. pauca clonal complex. The occurrence of SNPs in the four Xyl. fastidiosa subsp. pauca clonal strains was assessed using SNPsites software (Page et al., 2016) . Strain genomes were aligned using a multi-FASTA procedure, and the SNPs were revealed in a variant call format. This format contains the position of each SNP in the reference sequence and the occurrence in each of the other samples. Prophage regions were identified within each genome of the clonal strains and strain 9a5c using the PHAge Search Tool (PHAST) (Zhou et al., 2011) .
Comparative genomics of Xyl. fastidiosa subsp. pauca clonal complex. Genome sequence alignment and comparisons of the four clonal and 9a5c pauca strains were performed using MAUVE version 2.4.0. (Darling et al., 2010) . A data set containing an orthologue alignment of the four clonal strains was prepared using a multistep procedure based on several ad hoc Perl scripts. First, the predicted protein sequences of all genomes were analysed to identify superfamilies of homologues using a procedure based on the reciprocal smallest distance algorithm (Wall et al., 2003) . Subsequent application of the branch-clustering algorithm BranchClust (Poptsova & Gogarten, 2007 ) delineated families of orthologues within superfamilies containing one or more paralogous gene families. The families were selected with the exclusion of families that did not comprise one protein per genome or that contained more than one protein for at least one genome, families that did not pass a quality check (i.e. with a mean <0.7 or a standard deviation <0.05 in the identity values calculated between all pairs of proteins) and families that contained at least one sequence comprising more than 4 % of the positions as internal indels. The putative proteins were annotated against the RefSeq database using ad hoc Perl scripts for recursive BlastX searches (Altschul et al., 1990) and MUMmer, version 3.23 software (Delcher et al., 2007) . Comparisons of proteins were performed using Blastp (Altschul et al., 1990) .
RESULTS
Taxonomic relationships of Xylella strains based on genome-wide and ANI analyses
Twenty-seven Xyl. fastidiosa strains, representing the currently available source of sequenced genomes of the species, were assessed. Their taxonomic relationships were inferred from the construction of a consensus tree with a cut-off of 0.24 and based on 312 trees retrieved from the core genome of these strains. (Fig. 1) . The 27 Xyl. fastidiosa strains, Xyl. taiwanensis PLS229 and the outgroup were also cross-compared to identify their sequence similarities using ANI and TETRA analyses. ANI and TETRA strongly supported the clustering obtained with the consensus tree and the taxonomic demarcation of the three subspecies (Tables S1 and S2 , Fig. S1 Occurrence of a clonal complex of strains within the Xyl. fastidiosa subspecies pauca
Genome assessment revealed that the CoDiRO strain associated with the olive quick decline syndrome in southern Italy exhibited a very high genomic similarity (from 99.80 to 99.95 %, according to ANI analysis) with the three strains isolated in Central America (i.e. Costa Rica), namely, COF0407 obtained from Coffea sp. and OLS0478 and OLS0479 isolated from N. oleander. We examined the occurrence of putative recombination events in these strains to further assess their relationships. The concatemer of the seven housekeeping genes, namely, gltT, holC, lacF, leuA, nuoL, petC and rfbD, of 7630 nt did not reveal any reticulation among the four strains, as inferred using SplitsTree4 software. Reticulation in these evolutionary networks indicates possible events of recombination among the tested strains. The Genetic Algorithm Recombination Detection algorithm did not reveal any evidence of recombination breakpoints within the sequence alignments of the four strains. We also performed statistical tests to confirm the clonality of these strains. The Tajima's D and Fu and Li's D tests were calculated using DnaSP software with the seven housekeeping genes and yielded an absence of polymorphism in the data. The index of association was calculated using Lian, version 6.1, with 100 resamplings and indicated the non-applicability of the test for the absence of polymorphisms. These results and the very high genomic similarity demonstrated by genome-wide and ANI analyses support that these strains represent a clonal complex within the Xyl. fastidiosa subsp. pauca.
SNPs within the clonal complex of subspecies pauca
We investigated these SNPs using SNP-sites software and assessed an alignment of 1 619 446 bp in variant call format to retain the position of the SNPs in each sample to further assess the four Xyl. fastidiosa strains that exhibited clonality within the subspecies pauca. Table 2 shows the numbers of SNPs among the four clonal pauca strains. For each strain, the contig position of each SNP is shown in Table S3 . A total of 13 SNPs were found between CoDiRO and COF0407, isolated from Coffea sp., and 32 SNPs were found in the two strains isolated from N.
oleander, OLS478 and OLS479. An even lower number of SNPs, namely 9, was found between the two pauca strains isolated from oleander. The highest number of SNPs is within a contig containing sequences of plasmid pXF-P4OLS0478 that is present in all four strains. These data indicate that the CoDiRO strain exhibited a closer relationship with COF0407 obtained from coffee than with the strains isolated from oleander, which were highly related to each other.
Occurrence of prophage-like regions in the clonal complex of subspecies pauca
We investigated the occurrence of putative prophage-like regions in the concatenated genomes of the four strains of pauca clonal complex to assess part of their genetic variability. PHAST analysis and comparison with the strain pauca 9a5c revealed that all strains contained regions with sequences of phage origins (Table 3 ). The prophage-like regions were intact or incomplete (i.e. fragmented). The prophages Xylell_Xfas53, Haemop_Aaphi23 and Stenot_phiSMA9 were intact in all four pauca strains. These prophage-like regions were also present in the pauca strain 9a5c. Table 1 . Xan. oryzae pv. oryzae KACC 10331 is included as outgroup.
Xylella fastidiosa CoDiRO strain and olive decline
Comparative analysis of genome content of the Xyl. fastidiosa subsp. pauca clonal complex
The draft genomes of the four clonal pauca strains were aligned and compared with the Xyl. fastidiosa subspecies pauca strain 9a5c using MAUVE 2.4.0. Fig. 2 shows the alignment of the four strains with the pauca strain 9a5c. The comparison of the locally collinear blocks of the four clonal strains reveals the very high similarity of the strain genomes. However, the CoDiRO strain displayed some small strainspecific regions along the locally collinear blocks, which are noted by the white spaces. A Venn diagram shows the number of the core orthologues and the unique orthologues of the four clonal pauca strains (Fig. 3) . The four pauca clonal strains have a shared core genome of 1844 proteins. CoDiRO and OLS0478 contain seven unique proteins, and COF0407 and OLS0479 displayed 34 and 43 unique proteins, respectively. Table 4 reports the unique proteins for each strain, except those proteins scored as hypothetical proteins. One unique protein of the CoDiRO strain, the cold-shock protein, may putatively play some role in the olive quick decline syndrome because this protein favours the adaptation of the pathogen to a temperate Mediterranean area, such as the Salento peninsula in southern Italy, which is different from the tropical climate of Costa Rica. A comparison of the occurrence of pathogenic-related genes, namely, for fimbrial protein, prepilin, type IV pilin, haemolysins, O-antigen acetylase, pyocin uptake, polygalacturonase and glycan, did not reveal any differences between the four clonal pauca strains and strain 9a5c (Fig. S2) . All of these pauca strains express fimbrial and pilin proteins and only part of the tol operon for pyocin uptake.
DISCUSSION
This study assessed the complete or draft genomes of 28 strains and confirmed the occurrence of three subspecies within Xyl. fastidiosa, namely, fastidiosa, multiplex and pauca, and the distinctiveness of Xyl. taiwanensis (Su & Deng, 2014; Su et al., 2016) . The addition of seven more strains in the genome-wide and ANI-TETRA taxonomic analyses strongly supports this subspecies demarcation, which was outlined previously (Marcelletti & Scortichini, 2016) . We also confirmed that the subspecies pauca, which we assessed by analysing 11 strains, diverged from the other two subspecies and exhibited ANI values near the threshold of bacterial species demarcation. The robustness of the genomic approach in elucidating the taxonomic relationships among and within bacterial species (Chun & Rainey, 2014; Kim et al., 2014; Varghese et al., 2015) was also evident in the case of Xyl. fastidiosa. The subspecies pauca (i.e. few) was named because it was isolated solely from Citrus spp. and Coffea spp. at the time of its definition (Schaad et al., 2004) . It is now evident that this subspecies is associated to many other cultivated and wild plant species, such as olive, sweet cherry, almond, oleander, Pol. myrtifolia and W. fruticosa (Saponari et al., 2014b) .
The present study also confirmed that the Xyl. fastidiosa strains associated with coffee plants are quite diverse. In fact, except for two pauca strains isolated in Brazil, namely, 6c and COF0324 from Cof. arabica and Coffea sp., respectively, which cluster in the same genetic lineage according to the consensus tree, the other five strains, which originated in Costa Rica (two strains), Brazil, Mexico and Ecuador, are grouped into two subspecies, pauca and fastidiosa, and remarkably each of these strains represents a single lineage. Other Xyl. fastidiosa subsp. multiplex strains are also associated with coffee plants intercepted in France and originating from Central America (Poliakoff, 2015) . Collectively, strains associated with the Coffea spp. may be colonized and/or infected by all three Xyl. fastidiosa subspecies. Barbosa et al. (2015) also found variability in nine coffee strains from Brazil using microarray-based phylogenomic and ANI analyses. It seems that this genus, which was introduced in Central and South America during different introduction events less than 300 years ago (Pendergrast, 2001) , represents a natural and effective reservoir for the survival and further spread of this pathogen in new areas. A central role of coffee plants may be the acquisition of Xyl. fastidiosa-mutated cells and, subsequently, becoming a new host for the pathogen. Indeed, intersubspecific homologous recombination between strains of the subspecies multiplex infecting plum and the subspecies pauca colonizing wild plant species in Brazil may have caused some native Xyl. fastidiosa subsp. pauca Table 2 . SNPs found between the four Xyl. fastidiosa subspecies pauca clonal strains, CoDiRO, COF0407, OLS0478 and OLS0479
The assessment was performed by using the SNP-sites software and assessing an alignment of 1 619 446 bp in variant call format to retain the position of the SNPs in each sample. For each strain, the contig position of each SNP is shown in Table S3 . strains to acquire the capability to colonize and also infect Citrus spp. and Coffea spp. plants to cause the 'citrus variegated chlorosis' and 'coffee leaf scorch' diseases (Nunney et al., 2012 (Nunney et al., , 2014 .
This study also demonstrated the occurrence of a clonal complex of four strains within Xyl. fastidiosa subsp. pauca. The complex included the CoDiRO strain, which is associated with the olive quick decline syndrome observed in Apulia region (southern Italy), one strain isolated from Coffea sp. and two strains obtained from oleander. The latter three strains were obtained in Central America (i.e. Costa Rica). These strains exhibited a very high genetic similarity on the consensus tree obtained with 312 core gene sequences and the ANI-TETRA analyses. None of the strains exhibited any evidence of recombination despite the frequent recombination events detected in Xyl. fastidiosa (Scally et al., 2005) , and the selection tests herein performed confirmed the clonality of these strains. The present study suggests that the pauca clonal complex fulfils the criteria established by Tybarenc & Ayala (2012) for the reproductive clonality of micropathogens as particular populations within a species showing the absence or restriction of genetic recombination and not necessarily being genetically monomorphic. The predicted prophage-like name, the completeness of the its sequence, the size of the region and the G+C mol% are reported. A prophage region is considered to be incomplete if its completeness score is less than 60, questionable if the score is between 60 and 90 and intact if the score is above 90. A slight genetic variability between the four clonal pauca strains was revealed in the assessment of their SNPs. We found 13 SNPs between CoDiRO and COF0407 and 32 SNPs between CoDiRO and the two strains isolated from oleander. Notably, we found only nine SNPs between the two oleander strains. This result suggests a closer relationship between CoDiRO, isolated in southern Italy from olive trees, and COF0407, obtained in Costa Rica from Coffea sp. The Xyl. fastidiosa divergence time is not known, and consequently, it is not possible to precisely define how many years have passed since the divergence of the pauca clonal complex from the most recent common ancestor. A previous study comparing four Xyl. fastidiosa strains of the three subspecies, namely, Temecula-1 and Ann-1 (fastidiosa), Dixon (multiplex) and 9a5c (pauca), found a considerably higher number of SNPs: 18 917 between Temecula-1 and Ann-1 and more than 40 000 when 9a5c was compared with the three strains of the other two subspecies (Doddapaneni et al., 2006) . A low number of SNPs in other pathogens with known divergence times indicates divergence times of a few centuries between the strains analysed: 97 SNPs in 4 367 867 bp, for two Yersinia pestis strains obtained from 1347 to 1351, the period of the 'black death' pestilence, and a current infection (Bos et al., 2011); 53-183 SNPs in 3 543 009 bp for two Pse. syringae pv. tomato strains, the causal agent of tomato speck, which diverged from their common ancestor between 283 and 1415 years ago (Cai et al., 2011) .
Prophage-like elements play an important role in the virulence and adaptation of Xyl. fastidiosa to new hosts (de Mello Varani et al., 2008) . We found regions that putatively represent prophage-like regions within the genomes of the four pauca clonal strains. Notably, three intact prophagelike sequences were present in the four clonal strains: Xylell_Xfas53, Haemop_Aaphi23 and Stenot_phiSMA9. The intact prophage-like Xylell_Xfas53 was also found in two other strains recently intercepted from coffee (Jacques et al., 2016) Xylell_Xfas53 is a well-known prophage of chimeric structure that is commonly found in Xyl. fastidiosa strains (Summer et al., 2010) . The occurrence of three 400 000 600 000 800 000 1000 000 1200 000 1400 000 1600 000 1800 000 2 000 000 2 200 000 2 400 000 200 000 400 000 600 000 800 000 1000 000 1200 000 1400 000 1600 000 1800 000 2 000 000 2 200 000 2 400 000 200 000 400 000 600 000 800 000 1000 000 1200 000 1400 000 1600 000 1800 000 2 000 000 2 200 000 2 400 000 200 000 400 000 600 000 800 000 1000 000 1200 000 1400 000 1600 000 1800 000 2 000 000 2 200 000 2 400 000 200 000 400 000 600 000 800 000 1000 000 1200 000 1400 000 1600 000 1800 000 2 000 000 2 200 000 2 400 000 2 600 000 intact prophage-like regions in the genomes of the clonal complex strains is not a novelty, and it is observed in the Xyl. fastidiosa genome, in which multiple copies of related prophages and multiple combination of hybrid prophages may promote a large-scale genome rearrangement (Summer et al., 2010; Varani et al., 2013) . However, further indepth studies are required to ascertain their role in the virulence and environmental fitness of the four strains.
The genome-wide and ANI-TETRA analyses and the very close genetic relationships between the CoDiRO and COF0407 strains inferred by the SNPs strongly support the feasibility of the introduction of the CoDiRO strain associated with olives in southern Italy with a Coffea sp. plant stock originating from Central America, where Xyl. fastidiosa is widespread (Aguilar et al., 2005; Montero-Astua et al., 2008; Nunney et al., 2014) . Recent and repeated interceptions of coffee ornamental plants infected by Xyl. fastidiosa originating in Costa Rica and Honduras were performed in The Netherlands, France and northern Italy (Bergsma-Vlami et al., 2015; Giampetruzzi et al., 2015b; Jacques et al., 2016) . A very large number of ornamental coffee plants from Central America have been introduced in Europe during the last decades, and imports of Coffea sp. (Phadtare, 2004; Nakaminami et al., 2006) . Notably, a Xyl. fastidiosa-defective mutant for the csp1 gene exhibited decreased survival rates upon cold exposure, and it was significantly less virulent than the wild-type in infecting grapevines in the absence of cold . We do not know whether these proteins play a role in the adaptation of the pauca CoDiRO strain to the temperate Mediterranean climate of the Salento peninsula during the colonization of the new hosts, but their occurrence in the pathogen genome is one possibility to explain its rapid adaptation to a new environment that is very different from the tropical climate of Central America. Another possibility is that this strain subsequently acquired the cold-shock protein via horizontal gene transfer from other unknown bacterial species because these proteins occur in many micro-organisms (Nakaminami et al., 2006) .
